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Introduction
C oform ycin, (8/?)-3-ß-D -ribofuranosyl-3,6,7,8-tetrahydroim idazo- [4,5-rf] [l,3]diazepin-8-ol, and 2'-deoxycoform ycin (Schem e 1) are the m ost p o ten t know n inhibitors of adenosine deam inase [1 ,2 ] , with K[ values of the o rd e r of IO-10 m and 2.5 x 10" 12 m , respectively (see ref. [3] for review ). B oth of these are classified as tight-binding inhibitors and, since they possess a te tra h e d ra l carbon at the position cor responding to th a t in adenosine which undergoes d eam in atio n , are considered as transition state in hibitors of the enzym e [3, 4] , D eoxycoform ycin is also a selective im m unosuppressive agent, and is presently undergoing clinical trials in tum o u r chem o th erap y [5] .
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Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0341 -0382/85/0009 -0710 $01.30/0 Scheme 1. Coformycin (R = OH) and 2'-deoxycoformycin (R = H), with ring numbering system of the aglycon.
d eam in ase, but w ith higher in hibition constants. A garw al and P arks [2] rep o rt K t values of 5 x 10-8 m for coform ycin an d 2 x 10~6 m for deoxycoform ycin. w ith n o n -com petitive in hibition, w h ereas F rieden et al. [6] found values of 2 x IO-8 m an d 0.4 x 10-6 m , and claim co m p etitiv e inhibition. H o w ev er, w hen deoxycoform ycin was co n v erted to th e 5 '-p h o sp h ate, /Cj decreased from ab o u t 10~6 m to ab o u t 10-9 m [7] .
Since coform ycin is a stro n g er in h ib ito r of A M P deam inase than deoxycoform ycin, it was suggested th a t co form ycin-5'-phosphate m ight be an even m ore p o ten t inhibitor of adenylate deam inase th an 2 '-deoxycoform ycin-5 '-p h o sp h a te . T he m ode of action of deoxycoform ycin has b een generally considered to be related to its inhibition of adenosine deam inase. T he finding th a t deoxycoform ycin-5'-phosphate is a p o te n t in h ib ito r of adenylate deam inase [6, 7] , and th a t b oth coform ycin and deoxy coformycin undergo intracellular p h o sphorylation [5, 8 -10] , w ith incorporation of deoxycoform ycin into D N A [10] , underline the p o ten tial significance of the phosphorylated form s. W e have, th e re fo re , p re p a re d the 5 '-phosphates of coform ycin and deoxycoform ycin and exam ined som e of th eir p ro p ertie s, including th eir possible role in several enzym atic system s in volved in nucleoside and nucleotide m etabolism . Snake venom 5'-n u cleo tid ase, calf intestinal m u cosa adenosine d eam inase, bovine spleen purine nucleoside phosphorylase, and rab b it m uscle ad e n y late d eam inase, w ere all purified p rep a ra tio n s o b tain ed from Sigma C hem ical Co. (St. L ouis, M o ., U S A ). W heat shoot pho sp h o tran sferase was p re p ared as elsew here described [11, 12] .
p -N itro p h e n y lp h o sp h a te, used as a d o n o r in enzy m atic phosphorylation, and p -n itro p h en o l w ere p ro ducts of M erck (D a rm sta d t, G F R ). A nalytical grade Servachrom X A D -4 was a pro d u ct of Serva (H e id e l berg, G F R ).
Methods
U V absorption spectra w ere follow ed w ith the aid of a Zeiss (Jena, G D R ) Specord U V -V IS in stru m ent, using 10-mm p ath len g th S pectrosil cuvettes.
[H N M R spectra of coform ycin and coform ycin-5'-p h o sp h ate w ere reco rd ed for solutions in 2H 20 , w ith 2 ,2 ,3 ,3 -tetrad eu tero -3 (trim eth y lsily l)-p ro p io n ate as internal stan d ard , on a B ru k er 270 M H z sp e ctro m eter.
T hin layer chrom atography was w ith M erck cellu lose F254 plates, using tw o solvent system s: (A ) iso- E nzym atic activities w ere follow ed by sensitive fluorim etric m ethods, as described elsew here, fo r 5'-nucleotidase [13] , adenosine deam inase [14] , p urine nucleoside phosphorylase [15] , and ad en y late deam inase (in p rep aratio n ).
Results

E n zym a tic phosphorylation
In view of the lability of coform ycin (see below ), particularly p ro nounced in acid m edium , attem p ts w ere first m ade to p h o sphorylate this co m pound e n zym atically w ith the w heat shoot p h o sp h o tran sferase system [11, 12] , which is relatively non-specific w ith reg ard to the n atu re of the aglycon. S om ew hat to o u r surprise, little or no p h o sp h o ry lated p ro d u ct was o b tain ed . R ep eated trials eventually led to yields of 5% or less of co fo rm ycin-5'-phosphate, ev a lu ated by T L C on cellulose plates w ith th e solvent system B, which gave a good sep aratio n of co form ycin-5'-phos p h ate (R f = 0.07), coform ycin (R t = 0.58), /?-nitrop h en y lp h o sp h ate, used as a p h o sp h ate d o n o r (R f = 0.33) and p -n itro p h en o l (R { = 0.89). This co n stitu tes a ra th e r rare exam ple of a nucleoside an alogue re la tively resistant to p hosphorylation w ith w h eat shoot p h o sp h o tran sferase [11, 12] . It was initially th o u g h t th at this m ight be due to the fact th a t th e w h eat shoot enzym e exhibits an optim um p H ~ 4.5, at w hich the aglycon of coform ycin is largely p ro to n a te d , pK -5.4 [16] and undergoes tim e-d ep en d en t ring opening.
H ow ever, this cannot be th e case since F ried en et al. [7] rep o rted the enzym atic ph o sp h o ry latio n of 2'-deoxycoform ycin in 14% yield w ith the p h o sp h o tran sferase o f Serratia marcescens, the pH o ptim um for which is 5.4, at which the aglycon is 50% p ro to n a ted . W ith o u r system , elevation of th e p H to 5 gave no im provem ent in the yield of coform ycin-5'-p h o sp h ate. W e then d irected o u r atten tio n to 2'-deoxycoform ycin and found th a t, w ith a fresh p re p a ration of th e w heat shoot enzym e which p h o sp h o ry lated cytidine (the aglycone of which is also 50% p ro to n ated at pH 4.5) in 80% yield, ph o sp h o ry latio n of deoxycoform ycin p ro ceed ed readily to th e ex ten t of 15-20% . U n d er these conditions phosp h o ry latio n of coform ycin was not im proved, and rem ain ed at a level below 5% .
C hem ical phosphorylation
Follow ing a series of prelim inary trials, coform ycin was su b jected to p h o sphorylation essentially accord-ing to the p ro ce d u re of Y oshikaw a et al. [17] , with som e m odifications. A suspension of 25 mg coform y cin in 0.7 ml trim eth y lp h o sp h ate was stirred for 10 m in at room te m p eratu re , cooled to -10 °C, follow ed by addition of 2 |a1 w ater, and 50 |xl (0.54 m m ol) P O C l3. Stirring was continued for an additional 30 m in, during w hich the reaction m ixture w as brought to 0 °C, and the resulting clear solution sto red in the cold room (4 °C) for 2 -3 h. All subse q u en t steps (unless otherw ise indicated) w ere p e r form ed in th e cold room , and evaporations un d er reduced pressu re at te m p eratu re s below 30 °C. To the foregoing reaction m ixture was added an ice-cold solution of 300 mg N a H C 0 3 in 4 ml w ater and the reaction m ixture stirred vigorously at room te m p e ra tu re for 15 m in to rem ove evolved C 0 2. T he m ixture was then diluted w ith w ater to a total volum e of ab o u t 20 m l, and d eposited on a 2 x 25 cm colum n of D E A E S ephadex A-25 ( H C 0 3_). T he colum n was w ashed w ith w ater to rem ove unreacted coform ycin T he resulting coform ycin-5'-phosphate exhibited a U V ab so rp tio n spectrum identical w ith th at for coform ycin [16] . It was ch rom atographically h o m o geneous on cellulose F 254 plates, w ith b oth solvent system s A ( R f = 0.49 as co m p ared to 0.71 for cofor mycin) and B (R f = 0.07 w ith R f = 0.58 for cofor m ycin). T re a tm e n t of th e co fo rm y cin -5 '-p h o sp h ate w ith an excess of snake venom 5 '-n u cleo tid ase in 0.2 m Tris-H C l buffer pH 8.9 at 37 °C led to its slow conversion to coform ycin, at ab o u t 2% the rate of d ep h o sp h o ry lation of 5 '-A M P . T he reaction was quan titativ e after 10 h. U n d e r th ese conditions coform ycin-5'-p h o sp h ate p ro v ed fully stab le, as ju d g ed by ch ro m ato g rap h y , U V ab so rp tio n and N M R sp ectro scopy. It should be recalled th at 2'-deoxycoform ycin-5 '-p h o sp h a te is also d ep h o sp h o ry lated , very slowly, by snake venom 5 '-n u cleo tid ase [7] .
JH N M R spectroscopy
A p a rt from th e foregoing criteria, th e structure of the p ro d u ct was ad ditionally, and unequivocally, confirm ed by com parison of its 'H N M R spectrum w ith th e sp ectru m of th e p are n t coform ycin. T he spectrum of th e nucleoside was essentially identical w ith th a t re p o rte d by H aw kins et al. [18] . F o r the n u cleo tid e, p h o sp h o ry latio n at th e 5 '-p o sitio n was show n by th e coupling constants 7 ( 5 ',P) ~ 3.5 H z and 7(5",P) ~ 5 H z. O therw ise the sp ectra w ere very sim ilar, w ith th e exception th a t th e chem ical shifts of H (2) and H (5 ) in coform ycin (see Schem e 1), 7.702 ppm and 7.202 p p m , respectively, w ere dis placed to 8.179 ppm and 7.348 ppm in coform ycin-5'-p h o sp h ate. If th e assignm ents of H (2) and H (5) are indeed co rrect (cf. ref. [18] ), this indicates th a t the n ucleotide exhibits a syn-anti equilibrium about the glycosidic b o n d , p red o m in an tly in fav o u r o f the form anti, as show n in Schem e 1. T hese d ata should prove useful in studies on th e co nform ations ad o p ted by coform ycin, and its 5 '-p h o sp h a te , on binding to ad enosine deam in ase and adenylate deam inase, re spectively. D etailed analyses of th e 'H , 13C and 31P N M R sp ectra of coform ycin and coform ycin-5'-phosp h ate are u n d er way.
Lability o f nucleosides and nucleotides
2'-D eoxycoform ycin in aqu eo u s solution is labile, p articularly in acid m edium [16] , due to opening of the ring aglycon an d , to a lesser ex te n t, epim erization o f th e active R and inactive S form s [19] , and cleavage of the glycosidic bond (D . C. B a k er, p e r sonal com m unication). Instability of deoxycoform ycin and its phosphorylated form s has also been o b served in vivo [5, 10] .
W e have exam ined susceptibility to ring opening, the m ajo r source of lability, and easily follow ed by the accom panying decrease of the U V absorption m axim um at 282 nm. L ability of coform ycin as a function of pH was found to be sim ilar to th a t re p o rted by D ion et al. [16] for deoxycoform ycin. H ow ever, at pH ~ 9, both nucleosides w ere fully stable for 24 h at 37 °C. In acid m edium , e.g. p H 4.5, in 1 m acetate buffer, coform ycin u n d erw en t ~ 25% ring opening, but in 0.01 m acetate only 9% . This effect was not due to a difference in ionic stren g th , b ut to buffer concentration. T he n atu re of the buffer, particularly at neutral pH , also affected the rate of ring opening.
In acid and neutral m edia, the 5 '-p h o sp h a te s of both nucleosides w ere m ore unstable th a n the n u cleosides, e.g. at pH 7, coform ycin-5'-phosphate was 10-fold m ore labile than coform ycin.
The m ost striking observation was th a t at p H ~ 9 the 5 '-p h o sp h ates of both coform ycin an d deoxy coform ycin w ere fully stable for 24 h at 37 °C. This stability in alkaline m edium of both the nucleosides and nucleotides should prove useful in developing m ethods of extraction from cellular m aterial for sub sequent analyses.
Finally, and in contrast to deoxycoform ycin, LH N M R spectroscopy dem o n strated th a t n eith er cofor mycin, nor its 5'-p h o sp h ate, u n derw ent cleavage of the glycosidic bond.
Properties in som e enzym e system s
In view of the increasing evidence th a t th e m ode of action of deoxycoform ycin is not lim ited to its inhibi tion of adenosine deam inase, it ap p e ared of value to exam ine the behaviour of coform ycin and deoxy coform ycin, and their 5 '-p h o sp h ates, in several e n zym e system s, as follows:
Snake venom 5 '-nucleotidase. T he p o o r su bstrate p ro p erties of coform ycin-5'-phosphate and deoxycoform ycin-5'-phosphate in this enzym e system raised the question as to w h eth er they m ay n o t be inhibitors. U sing a procedure elsew here described [13] for kinetic studies on 5 '-n u cleo tid ase, n eith er of these com pounds was found to sensibly inhibit the enzym e. E stim ated inhibition constants for b oth co m pounds gave values of K t > 0.3 mM. It will be of in terest to exam ine the su b strate and inhibitor p ro p erties of th ese com pounds w ith 5 '-nucleotidases of m am m alian origin, som e of which exhibit sp e cificities differing from those of the snake venom enzym e [13] .
Purine nucleoside phosphorylase. It was previously re p o rte d th a t 2'-deoxycoform ycin does n ot signifi cantly inhibit p u rin e nucleoside phosphorylase from h um an leukem ic granulocytes [20] , U sing a purified enzym e from bovine spleen, and a fluorim etric p ro cedure for kinetic studies, w ith 7-m ethyl-guanosine as su b strate [15] , it was found th at n eith er coform y cin n o r deoxycoform ycin was a significant in h ib ito r, th e estim ated values of K\ fo r each being > 0.5 mM. It may be concluded th at b o th are n o t, or are very p o o r, su b strates for th e m am m alian enzym e. H o w ever, this m ay n o t apply to th e bacterial enzym e, for which ad enosine is a su b strate.
A d en o sin e deaminase. Since coform ycin and deoxycoform ycin are p o te n t inhibitors of ad enosine deam in ase, and also good inhibitors of adenylate deam in ase [2, 3] , it is p ertin en t to ask w h eth er the nucleo tid es exhibit inhibitory p ro p erties vs. ad enosine deam in ase. U sing a purified p rep a ra tio n of the enzym e from calf intestinal m ucosa, and a sensitive fluorim etric p ro ced u re for ad enosine deam in ase activity [14] , n eith er of th e nucleotides was fo u n d to exhibit significant inhibition. K inetic studies, using p ro ced u res described elsew here [14] , in d icated K x values for b o th nucleotides well above 0.2 mM, as co m p ared to 10-10 m and 2.5 x 10-12 m for coform ycin and 2 '-deoxycoform ycin, respectively [3] -A d en yla te deam inase. T he enzym e was a purified p rep a ra tio n (Sigm a) from rab b it m uscle, and the su b strate was fo rm y cin -5 '-p h o sp h ate, a fluorescent analogue o f 5 '-A M P . E nzym e activity was follow ed by th e accom panying decrease in fluorescence (in p rep a ra tio n ) as elsew here described for adenosine deam in ase activity [14] . W ith the aid of th e kinetic m eth o d describ ed by F ried en et al. [7] for follow ing inhibition by d eo xycoform ycin-5'-phosphate, it was confirm ed th a t b oth co fo rm ycin-5'-phosphate and deoxycoform y cin -5 '-p h o sp h ate w ere equally p o te n t inhibitors. F o r coform ycin-5'-phosphate th e rate co n stan t fo r association w ith the enzym e was k on = 0.9 x 10? m -1s -1 , in ag reem en t w ith F ried en et al. [6] . could not be established unequivocally w h eth er K } for coform ycin-5'-phosphate was indeed less th an th at for deoxycoform ycin-5'-phosphate, as suggested [7] , but n o t show n experim entally [6] . This is being fu rth e r investigated.
Discussion
T he ability of 2'-deoxycoform ycin and, to a lesser e x ten t, of coform ycin to undergo phosphorylatio n by p hosp h o tran sferases is relevant to the m etabolism and m echanism s of action of these nucleoside a n a logues in m am m alian cells. In L1210 cells, deoxycoform ycin is converted to the 5 '-p h o sp h a te to a level of ab o u t 15% [9] . C oform ycin is m etabolized in L5178Y cells to the 5'-m ono-, di-and trip h o sp h ates to the extent of 50% [8] . In hum an T lym phoblastoid cells, deoxycoform ycin is p hosphorylated stepw ise to the trip h o sp h a te, which is in co rp o rated into D N A [10] . In the la tte r study, the use of m utant cell lines deficient in enzym e activities indicated th a t initial p hosphorylation of deoxycoform ycin was not due to adenosine kinase or deoxycytidine kinase [10] . T he failure of adenosine kinase to p hosphorylate deo x y coform ycin is u n d erstan d ab le, since this enzym e very poorly phosphorylates deoxyadenosine [21] , and deoxycoform ycin is not a su bstrate or inhibitor for rabbit liver adenosine kinase [22] ; it w ould be of in terest to exam ine w hether coform ycin is. D eo x y cytidine kinase does phosphorylate deoxyadenosin e, and the failure of this enzym e to phosphorylate deoxycoform ycin points to possible involvem ent of an o th e r enzym e. It has, in fact, been rep o rted re cently [23] th at m am m alian cells exhibit p h o sp h o tran sferase activity which phosphorylates ribo-and d eo xyribonucleosides; and Siaw and C olem an [10] have also draw n atten tio n to such activity.
It should also be n o ted th a t protozoan p arasites, req u ire p urine salvage pathw ays for survival. A m ong th e L eishm ania spp, o ne such unique very active enzym e is a p u rin e nucleoside ph o sp h o tran sferase, w hich tran sfers p h o sp h ate from a variety of donors to th e 5' of p urine nucleosides [24] , N ucleoside analogues, e.g. th e riboside of allopurinol or of formycin B. are p h o sp h o ry lated in these parasites, and then act as inhibitors of o th e r essential enzym es in p u rin e m etabolism . It w ould be of considerable in te re st to exam ine th e b eh av io u r of coform ycin and deoxycoform ycin in such parasites. 
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